Abstract The Sierra Ballena Shear Zone (SBSZ) is part of a high-strain transcurrent system that divides the Neoproterozoic Dom Feliciano Belt of South America into two different domains. The basement on both sides of the SBSZ shows a deformation stage preceding that of the transcurrent deformation recognized as a high temperature mylonitic foliation associated with migmatization. Grain boundary migration and fluid-assisted grain boundary diffusion enhanced by partial melting were the main deformation mechanisms associated with this foliation. Age estimate of this episode is [658 Ma. The second stage corresponds to the start of transpressional deformation and the nucleation and development of the SBSZ. During this stage, pure shear dominates the deformation, and is characterized by the development of conjugate dextral and sinistral shear zones and the emplacement of syntectonic granites. This event dates to 658-600 Ma based on the age of these intrusions. The third stage was a second transpressional event at about 586 to \560 Ma that was associated with the emplacement of porphyry dikes and granites that show evidence of flattening. Deformation in the SBSZ took place, during the late stages, under regional low-grade conditions, as indicated by the metamorphic paragenesis in the supracrustals of the country rocks. Granitic mylonites show plastic deformation of quartz and brittle behavior of feldspar. A transition from magmatic to solid-state microstructures is also frequently observed in syntectonic granites. Mylonitic porphyries and quartz mylonites resulted from the deformation of alkaline porphyries and quartz veins emplaced in the shear zone. Quartz veins reflect the release of silica associated with the breakdown of feldspar to white mica during the evolution of the granitic mylonites to phyllonites, which resulted in shear zone weakening. Quartz microstructures characteristic of the transition between regime 2 and regime 3, grain boundary migration and incipient recrystallization in feldspar indicate deformation under lower amphibolite to upper greenschist conditions (550-400°C). On the other hand, the mylonitic porphyries display evidence of feldspar recrystallization suggesting magmatic or high-T solid-state deformation during cooling of the dikes.
Introduction
Crustal-scale shear zones play a major role in the evolution of orogens. These shear zones can correspond to continental transform faults, such as the San Andreas Fault in California (Powell 1992) , or the Alpine Fault in New Zealand (Moores and Twiss 1995, p. 144) . They can be associated with escape tectonics in collisional orogens, like the North Anatolian Fault (Sengör et al. 2005) , the Periadriatic Line (Schmid et al. 1989) or the Altyn Tagh fault system in northern Tibet (Wang 1997; Yin et al. 2002) . Moreover, they can accommodate the strike-slip component of subduction in the upper plate, as is the case, for example, in the Southern Andes, the northern Cascades, and Sumatra (de Saint Blanquat et al. 1998) .
The generation, ascent, and emplacement of granitic melts are often temporally and spatially related to shear zones (D'lemos et al. 1992; Hutton and Reavy 1992; Hutton and Siegesmund 2001) . In addition, strike-slip basins associated with transform or transcurrent faults frequently form in transpressional orogens (Nilsen and Sylvester 1995) . Furthermore, shear zones may constitute the boundaries between accreted terranes, and their study can provide insights into the history of accretion involved in the evolution of an orogen. The links between magmatism, sedimentary basins, and terrane accretion make the study of the kinematic evolution of major shear zones a key topic for reconstructing the history of orogens.
Transpressional deformation and the development of orogen-parallel shear zones characterize the Kaoko and Dom Feliciano Neoproterozoic belts of South America and Africa (Dürr and Dingeldey 1996; Goscombe and Gray 2008; Bitencourt and Nardi 2000) . An orogen-parallel major shear zone system nearly 1,000 km long crosscuts the Dom Feliciano Belt (DFB) of southern Brazil and Uruguay. The Sierra Ballena Shear Zone (SBSZ) represents the system in Uruguay and the Dorsal de Canguçu (DCSZ) and Major Gercinho (MGSZ) defines the shear zone system in Brazil. The significance of this shear system is the subject of ongoing debate. Fernandes et al. (1993) , Tommasi et al. (1994) and Fernandes and Koester (1999) interpreted this system as an intracontinental fault with associated syntectonic granitoids derived from both the crust and the mantle. Based on differences in Sm-Nd signatures, Basei et al. (2000 Basei et al. ( , 2005 considered the shear zone system as a suture, with the fold and thrust belt representing a terrane accreted to the ''Granite Belt''. Despite this, Oyhantçabal et al. (2007) argued that most of the observed evolution for the southernmost part of the DFB corresponds to a post-collisional environment, where the transcurrent SBSZ played a major role in the ascent and emplacement of granitic plutons and in the evolution of associated basins. The question, if the SBSZ represents a former terrane boundary still remains open.
Although the shear zone system controls the architecture of the Belt and some structures are probably main geotectonic boundaries, detailed investigations are still scarce. This study presents structural, microstructural, kinematic, and preliminary geochronologic data from the SBSZ of the southernmost DFB (Figs. 1, 2) . Temperature conditions during deformation were estimated and different deformation events are postulated for its evolution.
Geological setting
The DFB and the Río de la Plata Craton
The DFB is one of the orogens marginal to the Río de la Plata Craton resulting from the Neoproterozoic collision between the Río de la Plata, Congo and Kalahari cratons during the Brasiliano-Pan-African Cycle (780-450 Ma; Porada 1989) . It extends for more than 1,200 km from southern Uruguay to the Santa Catarina State in Brazil.
The Sarandí del Yí Shear Zone (SYSZ) is located to the west of the DFB and divides the Río de la Plata Craton into two terranes (Fig. 1) . The Paleoproterozoic Piedra Alta Terrane crops out west of this shear zone and is a cratonic domain not affected by Neoproterozoic events. The Nico Pérez Terrane (NPT), located between the SYSZ and the SBSZ, is a complex Archean to Proterozoic unit. The terrane is built up of several basement blocks comprising gneisses and granulitic rocks covered by metasedimentary platform successions and foreland basin deposits of the DFB (Basei et al. 2000; Hartmann et al. 2001) . The basement units of this terrane were strongly reworked during Brasiliano events. To the north, in Río Grand do Sul (southernmost Brazil), the NPT is bound by the juvenile Neoproterozoic Sao Gabriel Block (Fig. 1 ). This block is composed by early Neoproterozoic volcano-sedimentary successions and orthogneisses (900-700 Ma) covered by late Neoproterozoic-Cambrian post-orogenic successions (Saalmann et al. 2006) .
Schematically, three main geotectonic units are recognized in the DFB (Basei et al. 2000) , from east to west: (1) Granite Belt, (2) Schist Belt, and (3) Foreland Belt (Fig. 1) . The Granite Belt contains three granitic batholiths known as the Aiguá Batholith (Uruguay), Pelotas Batholith (Río Grande do Sul State, Brazil), and Florianópolis Batholith (Santa Catarina State, Brazil). High-K calc-alkaline signatures are preponderant, while subordinate peraluminous and alkaline metaluminous signatures are also present. Most of the intrusions are spatially and temporally related to the main shear zones (Bitencourt and Nardi 2000; Oyhantçabal et al. 2007) . The Schist Belt is a fold and thrust belt comprising pre-collisional Neoproterozoic metavolcanic and sedimentary sequences. Greenschist to lower amphibolite facies conditions prevailed in these sequences. The Lavalleja Group of Uruguay, the equivalent Porongos (Rio Grande do Sul) and the Brusque (Santa Catarina) Groups of southern Brazil make up the different lithostratigraphic units defined by the Schist Belt (Basei et al. 2008) . The Foreland Belt consists of several volcano-sedimentary and sedimentary successions associated with the post-collisional evolution of the belt.
In the study area (Fig. 2) , the basement of the NPT comprises the gneissic Campanero Unit (1.7 Ga; Mallmann et al. 2003) and tectonic slivers of a platform succession (Zanja del Tigre Formation; Sánchez-Bettucci and Ramos 1999; Sánchez-Bettucci et al. 2001 ). According to Basei et al. (2006) , Mesoproterozoic detrital zircons constrain the maximum age for the Zanja del Tigre Formation. The Foreland Belt is represented by marine to molassic deposits of the Arroyo del Soldado and Maldonado Groups (Gaucher 2000; Gaucher et al. 2003 Gaucher et al. , 2004 Pecoits et al. 2004; Teixeira et al. 2004; Pecoits et al. 2008) .
The Punta del Este Terrane (PET; Preciozzi et al. 1999 ) comprises the pre-Brasiliano basement located east of the SBSZ (Fig. 1) . Basement rocks consist of orthogneisses, paragneisses, amphibolites, and migmatites (Masquelin 2004 ) of the Cerro Olivo Complex (Fig. 2) . Age relations of the PET are not well constrained. Preciozzi et al. (1999) reported Mesoproterozoic conventional U-Pb ages (1,100-900 Ma) for this terrane, which suggests that it could represent a portion of the Namaqua Metamorphic Complex Fig. 1 Regional geological map of the southern Dom Feliciano Belt showing the major shear zones, based on data from Basei et al. (2000 Basei et al. ( , 2005 , Hartmann et al. (2001 , 2002 ), da Silva et al. (2005 , Philipp and Machado (2005) and Oyhantçabal et al. (2007) of southern Africa (Basei et al. 2005) . Hartmann et al. (2002) interpreted inherited 2.05 Ga (U-Pb SHRIMP) zircon cores in a Neoproterozoic orthogneiss from this terrane as evidence of a Paleoproterozoic basement. However, during the late Neoproterozoic, the PET was also strongly reworked. As indicated by Bossi and Gaucher (2004) , the DFB seems to be a collage of diachronous units of various provenances and amalgamated at different stages (Leite et al. 1998) . The scarcity of isotopic data, especially in Uruguay, determined that contrasting geotectonic models have been proposed (Bossi and Gaucher 2004; Basei et al. 2005; Basei et al. 2008 ).
High-T tectonites of the basement on both sides of the southernmost SBSZ The basement situated in the eastern (Masquelin 2004 ) and western (Oyhantçabal 2005) domains of the SBSZ consists mainly of mylonitic gneisses (Fig. 3) . Frequent textural features of these gneisses include sub-equant feldspar grains with straight boundaries and triple junctions at nearly 120°, chessboard patterns in quartz (Fig. 4a , evidence for prismatic and basal subgrain boundaries; Kruhl 1996) and lobate grain boundaries between quartz and feldspar. Quartz ribbons (aspect ratio 3-5:1), where present, are monocrystalline to polycrystalline containing rectangular or irregular crystals (types 3 and 4 of Boullier and Bouchez 1978) . At higher strain levels, the phase boundaries between elongated quartz grains and feldsparrich domains show cusps in the direction of the foliation (Fig. 4b ) similar to those described by Gower and Simpson (1992) . These microstructures suggest grain boundary migration, grain growth, and fluid-assisted grain boundary diffusion during high-T deformation. Rotation recrystallization subgrains and deformation lamellae, frequently observed in quartz, indicate overprinting by younger lower-T deformation events.
Evidence of partial melting is observable in some of the gneisses, as indicated by interstitial micropegmatitic intergrowths of quartz and feldspar. Such partial melting can enhance deformation by diffusional creep (Dell'Angelo et al. 1987 ). Garlick and Gromet (2004) described similar microstructures attributed to diffusional creep associated with partial melting in the high-T mylonites of New England (USA).
In highly deformed rocks, complete segregation of quartz and feldspar is attained and ''striped gneisses'' are formed. In these ''striped gneisses'', straight ribbons up to several centimeters long (axial ratio [10: 1) separate feldspar-rich domains with evidence of high-T recrystallization. According to Hippert et al. (2001) , this kind of microstructure relates to plastic deformation and coalescence of scattered quartz grains associated with enhanced grain boundary mobility in a high-grade metamorphic environment. On both sides of the SBSZ, the high-T foliation is associated with stretching lineations (L 1 ) inclined approximately 30°toward the NW or SE (see stereograms in Fig. 3 ) and thrusts vergent toward the S-SW (Campal and Schipilov 1999; Masquelin 2004) . The symmetry of boudinage and the lack of other asymmetric structures suggest that this event was dominated by pure shear. Lineation L 1 is folded, together with the high-T foliation, by folds with axes near parallel to the SBSZ and to lineation L 2 , probably due to strain partitioning into contraction and wrenchdominated domains. Small sinistral shear zones, trending 020°, parallel to the SBSZ, frequently rework the high-T foliation of the basement and the Zanja del Tigre formation. This is consistent with mentioned microstructural evidences of low-T overprinting of the high-T microstructures.
The temperature conditions (650-750°C) of the deformation on the western side of the SBSZ are constrained by the paragenesis quartz ? muscovite and the presence of chessboard patterns in quartz (Kruhl 1996) . The regional association with migmatites containing sillimanite in the paleosome is consistent with regional high temperature conditions. On the eastern side of the SBSZ, the occurrence of hypersthene in the high-T mylonites indicates granulite facies metamorphic conditions. Masquelin et al. (2001 Masquelin et al. ( , 2002 bracketed the conditions during this high-grade metamorphism into two deformation-metamorphism events. The first event (M1) shows temperatures ranging between 770 and 850°C and pressures between 7 and 11 kbar, and the second event (M2) temperature of ca. 850°C and lower pressures (2-5 kbar). These data indicate near-isothermal decompression.
Macrostructure of the Sierra Ballena and associated shear zones
The SBSZ is part of a major shear system, composed of approximately north-south and southwest-northeast trending branches. The location and orientation of various shear zones, including data from Fernandes and Koester (1999) , Ramgrab (1999) , Porcher (2000) , Philipp and Machado (2005) , da Silva et al. (2005) and Oyhantçabal (2005) , for this shear system of the DFB in Rio Grande do Sul and Uruguay is schematically summarized in Fig. 1 . The PaleoMesozoic Paraná Basin covers the area between the Dorsal de Canguçu and Major Gercinho shear zones, making correlation difficult and not the topic of the current paper.
The Cerro Amaro shear zone of northern Uruguay ( Fig. 1) has an observed maximum width of 10 km and is composed of mylonites, ultramylonites, and phyllonites derived from granitic protoliths. The foliation is sub-vertical and strikes 045°to 090°, while stretching lineations are sub-horizontal and plunging to the west-southwest. These structural data are consistent with transcurrent shear, but the sense of shear remains unclear. The southwestern extreme is reworked by the SBSZ, while to the northeast the Arroio Grande Shear Zone of Rio Grande do Sul (Philipp and Machado 2005) may represent the prolongation. Ultramafic rocks altered to tremolite and serpentine (Bossi and Navarro 1988) , which occur as slivers in the mylonites, together with the width of this shear zone, suggest that it could correspond to a main geotectonic boundary.
Three main tectonic lineaments characterize the southernmost DFB in Uruguay (Fig. 1) . The Sarandí del Yí, Sierra Ballena and Cordillera shear zones make the boundaries of the main domains and control the architecture of the study area. Schematic maps in Figs. 1, 2, 3 depict the main structural features at the macro scale. The SBSZ is a major near straight lineament, trending ca. 020°from southern to northern Uruguay, where the outcrops are covered by Paleozoic sediments. The shear zone's width is about 4 km. Several curved branches of shear zones (e.g. Cordillera and Cerro Amaro shear zones, see Fig. 1 ) oriented with an average of 040°to 080°are also observed.
Based on geomorphology and lithologies, three main different sectors are recognized in the SBSZ: the southern (Fig. 2) , the central, and the northern sector. A strong geomorphologic contrast between the mylonites of the shear zone and the country rocks distinguishes the northern and southern sectors. The presence of quartz mylonites and mylonitic porphyries forming ridges more resistant to weathering creates this high contrast. In the central sector, the predominance of granitic mylonites together with the low relief associated with subsidence related to a Mesozoic Basin, results in a correspondingly weak geomorphological expression.
Deflection of the pre-existing structure of the basement ( The Cordillera Shear Zone (Figs. 1, 2) shows evidence of a dextral sense of shear, and is probably a conjugate fault to the SBSZ. The influence of the SBSZ produces a sigmoidal shape (S-C like geometry) in the Cordillera Shear Zone (Fig. 1) . A similar geometrical feature is observable west of the SBSZ, at a range of scales, for example between the SBSZ and the Puntas del Pan de Azúcar Lineament and between the Puntas del Pan de Azúcar and Mina Oriental Lineaments (Fig. 3) .
A main feature of the area is the role played by the macrostructures in the emplacement of granitic plutons. Preferential intrusion of granites between the Sierra Ballena and Cordillera Shear Zones forming the Aiguá Batholith is visible on the geological map in Figs. 1, 2. The confluence of both shear zones could be a major factor controlling magma ascent and creating the space for the emplacement of large volumes of granitic magma.
Mesoscopic structure of the SBSZ

Foliations and lineations
Low-to medium-T mylonitic foliation is characteristic of the Sierra Ballena and Cordillera shear zones, as well as several minor strike-slip shear zones with the same kinematics. The mean attitude of the mylonitic foliation is 030°/85°SW. A difference of ca. 10°is observable between the regional strike of the shear zone (020°) and the mean strike of the foliation, which is consistent with sinistral kinematics. Rotation of the regional foliation adjacent to the shear zone indicates a minimum of 30 km of sinistral displacement.
The stretching lineation is normally sub-horizontal (L 2 ; Fig. 3 ) with a density maximum of 12°/208°, indicating the possibility of an eastside up component of movement on the SBSZ (Harries et al. 2007 ). Microboudinage of tourmaline crystals in the quartz mylonites and of feldspar in the granitic mylonites prove that it is in fact a stretching lineation. Steeply plunging lineations are also observable, for instance in the syntectonic Maldonado Granite of the Aiguá Batholith, where oblate enclaves indicate intense flattening during transition from magmatic to solid-state flow ).
Folds
Folding of the mylonitic foliation is an outstanding feature of the SBSZ. The folds are normally tight and upright with sub-horizontal hinges and show evidence of flattening (Fig. 5a, f ). An en-echelon arrangement along the shear zone at the regional-scale is observable and is consistent with the sinistral shear sense. A schematic cross-section of the shear zone showing the folded quartz mylonites and mylonitic porphyries is shown in Fig. 6 . Different fold geometry and different relationships between folds and stretching lineations are observed. At least three main kinds of folds are present. F1 folds are isoclinal or tight, show hinges parallel to the stretching lineation and evidence of flattened limbs. The F2 folds are also tight to isoclinal but show folded stretching lineations. A symmetrical U-pattern (type 4 of Ghosh and Chatterjee 1985) is sometimes observed in the folded lineations of F2 folds (Fig. 5b) . F3 folds are open to close, strongly asymmetric and the hinge is perpendicular to the stretching lineation. Despite different rheological behavior influence fold geometry, observed features indicate folds formed at different stages of the shear zone evolution: earlier folds show hinges parallel to the lineation, while later folds show folded lineations.
Curvilinear hinges typical of sheath folds are seldom. The high ductility contrast between the dikes (mylonitic porphyries and quartz mylonites) and adjacent phyllonites probably concentrated the simple shear deformation in the latter, preserving the shape of the folds in the dikes.
Nevertheless, near cylindrical fold shapes are also visible in less competent lithologies, suggesting that the component of simple shear in the deformation was low (Fig. 5f ). The symmetric U-pattern of folded lineations also indicates a large pure to simple shear ratio (Sengupta and Ghosh 2004) .
The last generation of folds with the hinge perpendicular to the lineation is strongly asymmetric (Fig. 5c) , and although folds are not generally a reliable shear indicator (Passchier and Trouw 1996) , the asymmetry is consistent with a sinistral sense.
Kinematic indicators
Sinistral S-C structures are a frequent feature in the deformed rocks of the area. In the syntectonic granites (e.g. some outcrops of the Maldonado granite), the C surface is oriented 000°-020°and intersects an S surface marked by the shape-preferred orientation of feldspar megacrysts oriented at 030°-045°. Porphyroclasts in the granitic mylonites of the SBSZ show tails with r-and d-shape and normally indicate a sinistral shearing sense. In the phyllonites, where porphyroclasts are small and rounded, the sense of shearing can only be established at the microscopic scale.
Petrography and microstructural features of the mylonitic rocks of the SBSZ
Four different types of mylonites are identifiable in the SBSZ: granitic mylonites, phyllonites, quartz mylonites, and mylonitic porphyries.
Granitic mylonites
These mylonites are the most widespread lithological type and display a strong foliated matrix wrapping around alkali feldspar and plagioclase porphyroclasts. Gradual transitions from protomylonite and mylonite to ultramylonite are observed. The feldspar porphyroclasts are usually rounded and the predominant geometry is r-type indicating a sinistral sense of shear and suggesting low vorticity. Alkali feldspar porphyroclasts are usually pink and range from 5 mm to 5 cm, while plagioclase porphyroclasts are white and 3-10 mm in size. The porphyroclasts show core and mantle structures, bent twins, and subgrains. They are frequently fractured and the necks are filled with quartz. Quartz grains show undulatory extinction with development of small subgrains and recrystallized grains. Elongate grains and short to very stretched quartz ribbons wrap around fragments of feldspar (Fig. 7a, b) .
Dislocation creep is the main deformation mechanism for quartz, which led to subgrain rotation recrystallization (dislocation regime 2 of Hirth and Tullis 1992) . The main ferromagnesian mineral is biotite. Accessory minerals include allanite and epidote, often in trains, with sphene occurring as euhedral crystals wrapped around by the mylonitic foliation. Pegmatitic dikes, interpreted as synmagmatic to the protolith, are frequent in these granitic mylonites and are also folded and strongly deformed. The microstructures observed in feldspar and quartz are typical of deformation in upper greenschist to lower amphibolite facies metamorphic conditions (Passchier and Trouw 1996; Tullis et al. 2000) . In some syntectomic granitic intrusions, a transition from magmatic to solid-state microstructures is preserved (e.g. in the Maldonado granite, Oyhantçabal et al. 2007 ) indicating deformation during later cooling does not completely overprint the higher T microstructures.
Phyllonites
The phyllonites are very fine-grained and finely banded. On a microscopic scale, they show small rounded porphyroclasts of feldspar (0.3-0.7 mm) in a very finegrained and layered matrix (0.2-0.5 mm thick layers), rich in white mica and tiny biotite laths (Fig. 7c) . The distribution of the micas around the porphyroclasts is asymmetric, indicating a sinistral shear sense. An extensional crenulation cleavage (Platt and Vissers 1980) or ''C'' band cleavage (Berthé et al. 1979 ) with obliquely oriented phyllosilicates is also present at a low angle to the layering and probably accommodated a large amount of extension parallel to the stretching lineation. Feldspar porphyroclasts display little intracrystalline deformation. The very weak matrix apparently accommodates most of the strain. Muscovite mica fish (ca. 0.2 mm) show a sinistral sense of shear. When fine quartz layers are present, recrystallized grains are elongated with the long axis oblique on the quartz layer corroborating the sinistral kinematics. Epidote is abundant, occurs in trains parallel to the mylonitic foliation, and is related to the breakdown of plagioclase. Tourmaline, carbonate, and relicts of sphene are frequent accessory minerals. The observed microstructures and mineral assemblages are consistent with sinistral shearing during mid greenschist facies conditions.
Gradual transitions from granitic mylonite to phyllonite are well exposed in the SBSZ and demonstrate that these phyllonites developed from a granitic protolith and do not represent slices of metasediments in the granitic mylonite. Studies in other large shear zones (Imber et al. 1997 and references therein) indicate that under mid-crustal conditions phyllonites can derive from a granitic protolith through comminution of feldspar and retrograde alteration to phyllosilicates such as muscovite due to the influx of fluids. Jefferies et al. (2006) emphasized the importance of these weak zones for the evolution and reactivation of the shear zones. Hemley and Jones (1964) quoted in Wibberley and McCaig (2000) indicate the following reactions are possibly involved in the breakdown of feldspar to muscovite, which require acidic fluids:
Considering the close spatial association of phyllonites and quartz mylonites and the lack of quartzites in the country rock of the shear zone, this alteration of feldspar to mica is considered a probable source of silica for the quartz veins that later evolved to quartz mylonites.
Quartz mylonites
The quartz mylonites are composed mainly of quartz with accessory sericite, tourmaline, zircon, and opaques. Dynamic recrystallization of quartz results in new elongated quartz grains (ca. 0.2 9 0.04 mm) at higher angle to foliation (S-C like structure), indicating sinistral shearing. Sericite is concentrated in these discrete C surfaces (Fig. 7d) . Boudinage of tiny tourmaline crystals wrapped around by the foliation indicate the stretching direction.
Recrystallization observed in quartz includes subgrain rotation recrystallization, and grain boundary migration. As a result of the grain boundary migration, grains are consistently coarser in mica-poor layers and micas are sometimes included in quartz grains. When these quartz veins are folded, the foliation outlined by the orientation of quartz grains (Smyl n ) is also folded, and an axial plane foliation (Smyl n ? 1 ) is observable.
The observed microstructures are similar to those described by Hirth et al. (1998) in sheets 3 through 6 of the Heavitree quartzite (Alice Springs Orogen, Central Australia). This denotes that recovery and recrystallization occurred by subgrain rotation and grain boundary migration (transition from regime 2 to regime 3 of Hirth and Tullis 1992) under upper greenschist to lower amphibolite facies metamorphic conditions. The observed grain boundary migration suggests amphibolite facies conditions were attained. Despite this, the mentioned folding of the foliation with occasional development of an axial plane foliation with fine-grained sericite indicates reworking Fig. 7 under greenschist facies metamorphic conditions. This kind of evolution of deformation from higher to lower temperature conditions has been described in the Dorsal de Canguçu shear zone (Tommasi et al. 1994) .
It is suggested that these quartz mylonites developed from quartz veins emplaced in the SBSZ. The breakdown of feldspar to mica associated with the formation of the phyllonites is proposed as the source of the silica for these veins.
Mylonitic porphyries
Mylonitic porphyries are one of the most outstanding features of the SBSZ. They are highly resistant to weathering and form very elongated hills (Sierra Ballena and Sierra de los Caracoles in the southern part of Uruguay and Cerro Largo in the north) contrasting geomorphologically with the surroundings. These rocks are black when not weathered, fine-grained, and occur as folded bodies up to 200 m thick, emplaced in granitic mylonites and phyllonites. The emplacement of these porphyries as dikes in granitic mylonite and phyllonite is clearly observable at the outcrop scale as narrow bodies (Fig. 5d) , while thick ridges of mylonitic porphyry develop colluvium and their relation to the country rock is normally not exposed.
The texture is porphyritic with phenocrysts of quartz and euhedral alkali feldspar (about 0.5 9 0.2 mm) in a very fine-grained and banded matrix. Where the strain is low, the euhedral shape is well preserved (Fig. 7e) and embayments by magmatic corrosion are visible (Fig. 7f) . As strain increases, fractured crystals, undulose extinction, and subgrain development is observable and the phenocrysts evolve to rounded porphyroclasts with r-and dshapes. The d-shape is an indication of a component of simple shear, in view of the axial ratio (n * 2) of the porphyroclasts (Passchier 1987) . Quartz phenocrysts (about 0.5 mm) are also common in some outcrops, usually transformed into elongated aggregates dynamically recrystallized and coarser-grained than the matrix. Mafic minerals are scarce. The most frequent is a Na-amphibole with blue to yellow pleochroism occurring as fine needles (about 0.02 mm in length). Occasionally, they are associated with aegirine-augite; the latter sometimes observed in pressure shadows of the feldspar phenocrysts.
The porphyritic texture and the fine-grained matrix of these dikes indicate subvolcanic emplacement. Evidence of dynamic recrystallization in feldspar, together with the occurrence of aegirine-augite in pressure shadows suggest that deformation of these mylonitic porphyries began in the magmatic stage and continued in the solid-state. 40 Ar/ 39 Ar geochronology A 40 Ar/ 39 Ar study on muscovite, using the conventional technique, was performed to constrain the chronology of the tectonic events. Determinations were conducted at the University of Alabama Geochronology Laboratory. Details of the analytical technique are presented in the Appendix. The spectrum was considered to provide a plateau age if three or more consecutive gas fractions represent at least 50% of the total gas release and are within two standard deviations of each other (MSWD less than *2.5). The 40 Ar/ 39 Ar results are listed in Appendix Table 3 , with all ages quoted to the ±1r level and calculated using the constants of Steiger and Jaeger (1977) . The integrated age is the age given by the total gas measured and is equivalent to a potassium-argon (K-Ar) age.
The first age determination of a mylonite from the SBSZ is presented in this study. Sample SB-6, a quartz mylonite, provided an appropriate concentrate of syntectonic muscovite. Two fractions were run and both yielded similar results; however, the second run, on a slightly larger grain, had an appropriate heating schedule that allowed for a more precise determination of the plateau age of 586 ± 2 Ma (Table 1; Fig. 8 ). This age is interpreted as a Ar release. Plateau error is modified by the square root of MSWD (when MSWD is greater than 1.0) to more accurately reflect the scatter in the plateau. By this definition, only the second run of SB-6 Muscovite WM#2 has a true plateau Int J Earth Sci (Geol Rundsch) (2010) 99:1227-1246 1237 cooling age due to the lower amphibolite to upper greenschist deformation conditions and represents therefore a minimum age for the deformation. The significance of this kind of ages is still discussed in regards to cooling, recrystallization, and/or neocrystallization (see discussion in Mulch and Cosca 2004) .
Discussion
Macrostructure and tectonic regime
It is not possible, with the current state of information, to determine whether the high-T tectonites observed in the country rock of the SBSZ are associated with an early stage of activity or they correspond to a deformation phase that preceded the transcurrent event of the shear zone. Harries et al. (2007) suggested that the occurrence of north-south reworked basement between the Edén de Mataojo Lineament and the SBSZ indicate that the latter nucleated as an early wide proto-shear zone while the foliation of the country rock rotated toward the shear plane during shearing. After an exhumation event, a later phase concentrated deformation in the core of the SBSZ producing strong rotation of the foliation and mylonitization. The Edén de Mataojo Lineament represents the youngest and more brittle event and suggests further exhumation. On a regional scale, a key feature is that the SBSZ is associated with several diverging branches (Fig. 1) . Two interpretations are possible for this shear zone pattern: (1) the shear zone branches represent synthetic horsetail splays; or (2) a first stage where conjugate dextral and sinistral shear zones were created was followed by sinistral shearing on near north-south shears. In the first case, the minor faults should also be sinistral and synthetic, while in the second the shear zones oriented near east-west should be dextral, although probably reactivated sinistrally at their bent terminations. Ramsay (1980 Ramsay ( , 1982 indicated that ductile shear zones normally occur in conjugate sets, that the obtuse angle faces the main shortening direction, and that generally one of them occurs later and displaces the older of the two. Hippert (1999) indicated that S-C fabrics at the thin-section, hand-specimen and outcrop scale, as well as conjugate fault/mylonite zones at a map scale, define a scale-invariant geometry over ten orders of magnitude. This relation seems to hold true as well for the Sierra Ballena and associated shear zones in Uruguay. Although kinematic investigations are still scarce in several shear zones associated with the SBSZ, the observed architecture together with available kinematic data indicating the presence of conjugate dextral and sinistral shear zones, favors the second model and explains the S-C-like geometry recognized on a regional scale. The style of the folds in the mylonitic foliation (tight to isoclinal with high cylindricity) with regional-scale en-echelon arrangement along the shear zone is consistent with sinistral pure sheardominated transpression. In the Taiwan Mountain Belt, a similar en-echelon arrangement of folds is visible where transpressional tectonics results from oblique convergence of crustal plates (Jeng et al. 2007 ). The symmetrical U-pattern of the folded stretching lineations, the oblate shape of the enclaves in syntectonic intrusions and boudinage structures showing extension in the Y direction (Fig. 5e ) also point to a pure shear-dominated transpressional environment, with the nucleation and development of conjugate faults under decreasing T conditions and coupled exhumation.
Steeply plunging lineations are observable, in the syntectonic Maldonado Granite of the Aiguá Batholith, where oblate enclaves indicate intense flattening (pure sheardominated magmatic deformation). The coexistence of vertical and horizontal lineations in a shear zone could indicate an evolution from early vertical to late horizontal stretching lineations as described in the Rosy Finch-Gem Lake Shear Zone of Sierra Nevada by Tikoff and Greene (1997) . However, the similar ages of the Maldonado granite 575 ± 20 (Umpierre and Halpern 1971) and the syntectonic muscovite of the quartz mylonites with shallow lineations (see age constraints), favors a partitioning of coeval simple shear-dominated and pure shear-dominated domains. Sullivan and Law (2007) demonstrated a similar 
Lithologies
The most frequently observed lithology of the SBSZ is granitic mylonite. In most of the cases, the protoliths are syntectonic granites emplaced during the transcurrent event, with their margins transformed into mylonites during medium-to low-T deformation. Microstructures indicating transition from magmatic to solid-state deformation are frequently observed in these syntectonic granites. This relationship between shear zones and granitic intrusions in the DFB has been indicated by Tommasi et al. 1994 , in case of the Dorsal de Canguçu SZ and is also observable in other belts, e.g. in the Periadriatic Line of the Alps (Rosenberg et al. 1995; Steenken et al. 2000; Rosenberg 2004 and references therein).
The confluence of shear zones, like SBSZ and CSZ in case of the Aiguá Batholith, could be a major factor controlling magma ascent and creating the space for the emplacement of large volumes of granitic magma, as pointed out for the Borborema Province in Brazil (Neves et al. 1996 (Neves et al. , 2000 Weinberg et al. 2004) .
The influx of hydrous fluids is associated with the syntectonic breakdown of feldspar to mica in the granitic mylonites and their evolution to phyllonites. Strain was probably concentrated in these weakened zones, as in the case of the Outer Hebrides Fault Zone (Imber et al. 1997) , the Median Tectonic Line of Japan (Jefferies et al. 2006) or the Great Glen Fault Zone (Stewart et al. 2000) . The excess silica generated from the transformation reactions resulted in the emplacement of quartz veins that evolved into quartz mylonites. The fourth lithology is mylonitic porphyry, which resulted from the deformation of alkaline porphyries emplaced in the SBSZ as dikes.
Deformation mechanism and temperature constraints Several aspects suggest that the exposed section of the SBSZ corresponds to an intermediate level of the crust: the low grade of metamorphism of associated deformed molassic sediments in the country rock, the porphyritic texture of the alkaline dikes and the microstructural features of the mylonites.
The microstructures present in quartz depend on the dislocation regime, which is in turn determined by the strain rate and the temperature (Hirth and Tullis 1992) . At medium strain rates and temperatures, subgrain development predominates (regime 2). If the temperature increases or the strain rate decreases, grain boundary migration is dominant. The plastic behavior of quartz points to a minimum temperature condition of *270°C (Fitz Gerald and Stünitz 1993; van Daalen et al. 1999) . In a recent detailed study of the eastern Tonale Fault, Stipp et al. (2002) established that in quartz, the transition from subgrain rotation to grain boundary migration recrystallization occurs at *500°C. They also indicated that the strain rate in Tonale mylonites is within the range of most natural shear zones (10 -14 to 10 -11 s -1 ), concluding that the microstructural type can be used to estimate the temperature in mylonites when syntectonic paragenesis are not present. With respect to the microstructures of quartz observed in this investigation, the granitic mylonites predominantly display subgrain rotation recrystallization (regime 2). In the case of the quartz mylonites and the mylonitic porphyries, grain boundary migration in quartz is also an important recrystallization mechanism indicating deformation in the transition between regime 2 and regime 3.
These microstructural criteria, together with the occurrence of stable biotite, indicate that the deformation in the mylonites of the SBSZ took place in lower amphibolite to upper greenschist facies conditions (400-550°C), probably during decreasing T conditions through a protracted evolution. However, in the mylonitic porphyries, recrystallization is frequently important in feldspar, pointing to higher temperatures (400-650°; Tullis 2002) and suggesting magmatic or high-T solid-state deformation during cooling of the dikes. The observed medium temperature conditions of deformation in a regional low-grade crust are ascribed to heat provided by emplacement of the synkinematic intrusions.
Age constraints
Based on U-Pb SHRIMP dating on zircon from basement rocks of the DFB in southern Brazil, Leite et al. (2000) established the age for the high-K calc-alkaline protolith of the gneisses at around 2.08 Ga. These authors interpret younger ages in the range 800-590 Ma, in rims of zircons, as representing Neoproterozoic reworking, and suggested that the low-angle fabric in the gneisses formed close to 800 Ma, but stressed that further investigation is required. High temperature deformation of Neoproterozoic age has also been recognized elsewhere in Brazil in the Ribeira Belt (Egidio-Sylva et al. 2002; Hippert et al. 2001) and in the DFB (Fernandes et al. 1992; Tommasi et al. 1994; Gross et al. 2006) . Given the available data for the region and the correlation with similar Neoproterozoic events in southern Brazil, the high temperature deformation that affected the pre-Brasiliano basement of the study area is postulated as probably Neoproterozoic in age. The regional extent of this high temperature deformation in Uruguay and Brazil indicates that it probably relates to a collision between large crustal plates (Leite et al. 2000) or to a thermal anomaly in the mantle in an intraplate setting (Neves et al. 2008) .
The onset of the transpressional deformation is not easy to constrain. Frantz et al. (2003) reported ages ranging from 658 to 605 Ma (SHRIMP U-Pb on zircon) for the Pelotas Batholith of Rio Grande do Sul, interpreted as synchronous with the transcurrent Dorsal de Canguçu Shear Zone. Recently, a new Pb-Pb age on titanite of 614 ± 3 Ma was obtained for the Aiguá Batholith in the study area , supporting a similar time interval for the syntectonic intrusions of the SBSZ.
An extensional or transtensional episode, with an age of ca. 590 Ma, is recorded in doleritic dikes (striking 020°) associated with molassic basins containing shoshonitic basaltic flows Pecoits et al. 2008) . Two main transpressional episodes can be separated from this extensional event: (1) an early, associated with the nucleation of conjugate shear zones, and (2) a late event, associated with sinistral reactivation of the northsouth shear zones.
The minimum age of the second transpressional episode is constrained by the 40 Ar/ 39 Ar cooling age on muscovite from a quartz mylonite presented in this study (586 ± 2 Ma). Furthermore, the age of the alkaline magmatism associated with the mylonitic porphyries is ca. 579 ± 1.5 Ma ( 40 Ar/ 39 Ar in hornblende, Oyhantçabal et al. 2007 ). This concurs with the U-Pb ages ranging from 572 to 580 Ma obtained for the alkaline felsic magmatism in Uruguay and Rio Grande do Sul (Leite et al. 1998; Chemale et al. 2003; Remus et al. 1999; Hartmann et al. 2002) . These data indicate cooling and closure of muscovite was followed by syntectonic emplacement and deformation of the younger synkinematic granites and that tranpressional deformation occurred over a long time span. The lack of undeformed lithologies cutting the shear zone did not allow us to constrain the cessation of the transpressional deformation.
Available information suggest that the high-T deformation of the basement (D1) is older than 658 Ma and that a second phase (D2) associated with the onset of transcurrent shear and the emplacement of the intrusions of the Aiguá Batholith was probably protracted and took place between 658 and 600 Ma. After an extensional event (D3; *590 Ma), another transcurrent phase (D4) took place around [586 to \560 Ma, which is responsible for the present structural arrangement of the SBSZ. The proposed evolution according to available structural and geochronological data is summarized in Table 2 and schematically shown in Fig. 9 .
Conclusions
The SBSZ is part of a major shear system in the DFB. It is composed of north-south and southwest-northeast branches, and is responsible for the present architecture of most lithological units. Available geochronological data and structural observations indicate two main transpressional events: the first took place at *658-600 Ma and is associated with nucleation and evolution of conjugate vertical shear zones, while the second event, at [580 to \560 Ma, is associated with sinistral reactivation of the north-south branches.
The main features of the SBSZ can be summarized as follows: kinematic indicators demonstrate a sinistral sense of displacement with an eastside up component. Mylonitic granite is the most common lithology and developed from synkinematic granites during decreasing T conditions. Widespread associated lithologies, in contrast with the Dorsal de Canguçu shear zone, include phyllonites and quartz mylonites, probably derived from alteration of feldspar to mica and coupled with the release of silica. Additionally, subvolcanic dikes emplaced in the shear zone and evolved to mylonitic porphyries during shearing. The deformation took place Ar-Ar determinations were conducted at the University of Alabama Geochronology Laboratory. The monitor mineral MMhb-1 (Samson and Alexander 1987) with an age of 513.9 Ma (Lanphere and Dalrymple 2000) was used to monitor neutron flux (and calculate the irradiation parameter, J). The samples and standards were wrapped in aluminum foil and loaded into aluminum holders of 2.5 cm diameter and 6 cm height. The samples were irradiated in position 5c of the uranium enriched research reactor of McMaster University in Hamilton, Ontario, Canada for 20 MW h. Upon their return from the reactor, the samples and monitors were loaded into 2 mm diameter holes in a copper tray that was then loaded in an ultra-high vacuum extraction line. The monitors were fused, and samples heated, using a 6-watt argon-ion laser following the technique described in York et al. (1981) , Layer et al. (1987) and Layer (2000) . Argon purification was achieved using a liquid nitrogen cold trap and a SAES Zr-Al getter at 400°C. The samples were analyzed in a VG-3600 mass spectrometer at the Geophysical Institute, University of Alaska Fairbanks. The argon isotopes measured were corrected for system blank and mass discrimination, as well as calcium, potassium and chlorine interference reactions following procedures outlined in McDougall and Harrison (1999) . System blanks generally were 2 9 10 -16 mol 40 Ar and 2 9 10 -18 mol 36 Ar, which are 10-50 times smaller than the fraction volumes. Mass discrimination was monitored by running both calibrated air shots and a zero-age glass sample. These measurements were made on a weekly to monthly basis to check for changes in mass discrimination (Table 3) . 
